Brain, lung, and colon tissue experience deleterious immune-related adverse events when immune-oncological agents or radiation are administered. However, there is a paucity of information regarding whether the addition of radiation to immuno-oncological regimens exacerbates the tissue inflammatory response. We used a murine model to evaluate sub-acute tissue damage and the systemic immune response in C57Bl/6 mice when administered systemic anti-programmed cell death protein 1 (αPD-1) immunotherapy alone or in combination with stereotactic fractionated 10 gray/5 X-ray radiation to normal brain, lung or colon tissue. The model indicated that combinatorial αPD-1 immunotherapy and radiation may alter normal colon cell proliferation and cerebral blood vasculature, and induce systemic thrombocytopenia, lymphopenia, immune suppression, and altered immune repertoire (including interleukin-1β). Therein our data supports close monitoring of hematological and immune-related adverse events in patients receiving combination therapy.
INTRODUCTION
While immunotherapies have the potential to revolutionize therapy there is limited understanding of their interaction with radiation in healthy tissues. To date a number of factors have restricted the assessment of treatment efficacy of check point inhibitors in combination with radiation in cancer patients. These include treatment discontinuation in ∼10% of patients due to immune-related adverse events and unacceptable level of injury to healthy tissue (1) . These factors sometimes stem from the complex immunostimulation arising from the combination of radiation and chemotherapy in these patients. As such it is not clear if patients may derive greater long-term benefit from combined use of radiotherapy (RT) and an immunotherapy checkpoint inhibitor.
Evidence demonstrating safety, i.e., minimal tissue damage and immune-related adverse events in normal/healthy tissue is lacking as it is unethical to administer RT to healthy tissue in people. Immunotherapy alone is reported to induce a range of side effects most commonly in skin, gastrointestinal tract, lung, and endocrine glands. While the majority of immune-related adverse events are mild to moderate, serious and life threatening events have been reported (2) . These led to the introduction of consensus recommendations from the Society for Immunotherapy of Cancer Toxicity Management Working Group (3) , and the establishment of clinical practice guidelines for the management of toxicities from immunotherapy by the European and American Medical Societies (4, 5) . A systematic review and meta-analysis of 13 studies of patients receiving the anti-programmed cell death protein 1 (αPD-1)/PD-L1 immunotherapies nivolumab, pembrolizumab, or atezolizumab-in combination with chemotherapy-identified increased odds ratios for the incidence of immune associated toxicities hypothyroidism, pneumonitis, colitis, hypophysitis (6) , and acute interstitial nephritis (7) . The immune-related adverse events associated with checkpoint inhibitors are thought to be linked to immunostimulation and reprogramming of the immune system, leading to a loss of immune tolerance (7) . Such adverse events may be exacerbated by RT, where there is a rising paradigm of an immunostimulatory effect of RT in patients undergoing treatment with immune checkpoint inhibitors. Furthermore, the various checkpoint inhibitors differentially modulate T-cell responses leading to distinct toxicity patterns, kinetics, and dose-toxicity relationships. These need to be better understood before widely utilizing combinations of RT and immunotherapy in the clinical setting.
Radiation activates an interconnected network of inflammatory and immune response pathways inducing a host of changes to the tissue microenvironment (8) . Lung and colon tissues display two of the most common immune-related adverse events in pneumonitis and colitis, while adverse events in brain tissue, such as encephalitis and neuropathy, are relatively rare (2) (3) (4) (5) . Due to the idiosyncratic nature of adverse events affected the brain, lung and colon tissues, we sought to preclinically model the subacute response to potentially predict future immune-related adverse events.
To understand whether the addition of RT to immunooncology agents exacerbates the immune response in normal brain lung and colon tissues, compared to immune-oncology agents alone, we used a murine model to characterize and quantify the sub-acute (day 28) tissue damage and local and systemic immune responses following combined fractionated stereotactic RT and αPD-1 immunotherapy. We hypothesized that this would identify systemic immune markers that could identify immune-mediated adverse events in brain, lung and colon tissues.
MATERIALS AND METHODS

Mice
The study was reviewed and approved by the Northern Sydney Local Heath District Animal Ethics Committee, Royal North Shore Hospital, St. Leonards, Australia (Approval #RESP/17/205). Eight week old male C57Bl/6.Kearn's mice were kept on 12 h day/night light cycles with standard chow and water provided ad libitum. Mice were randomly allocated into 6 mice per treatment group and monitored for well-being by trained animal house staff prior to being humanely killed by cardiac puncture under anesthesia at the pre-determined endpoint of 28 days. C57Bl/6 mice were used as this is the background strain to commonly used syngeneic cancer models.
Immunotherapy
Mice were treated with InVivoMab rat anti-mouse PD-1 (RMP1-14; 200 µg/dose; BE0146; BioXCell) or rat IgG2a isotype control, anti-trinitrophenol (2A3; 200 µg/dose; BE0089; BioXCell) in 100 mirolitres (µl) PBS by intraperitoneal injection every 3 days for 5 doses (day 8, 11, 14, 17, 20) alone or in combination with fractionated stereotactic RT.
Fractionated Stereotactic Radiotherapy
Cone beam computed tomography (CBCT)-guided stereotactic radiation was delivered to the brain (right hemisphere), lung (right) or colon (sigmoid colon) region at 10 Gray (Gy)/5 Xray on days 1, 2, 3, 4, 5 using the Small Animal Radiation Research Platform (SARRP; Xstrahl Inc.), 5 × 5 millimeter (mm) collimator, 220 kV, 13 mA, 0.15 mm copper filter, 3.71 gray (Gy)/minute (min), 360 • Arc (-180 to 180 • ) alone or in combination with immunotherapy. Dose output and half-value layer were verified by 0.6 cm 3 Waterproof Farmer R Chamber (PTW TN30013; −400 V) under reference conditions; 35 cm source to axis distance, 2 centimeter (cm) solid-state depth.
An additional 4 centigray (cGy) was delivered to each animal during CBCT imaging dose − 60 kV, 0.8 mA, 360 projections, fine focus as determined by MOSFET dosimetry MOSkin developed by the Center for Medical Radiation Physics of the University of Wollongong, Australia (9, 10) positioned in the center of a 3D printed modular CBCT cylindrical phantom (mass density ρ = 1.17 g/cm 3 ) (11) .
To estimate the radiation dose delivered to the targeted tissue region and non-targeted organs at risk, the SARRP Dose Volume Histogram (DVH) in the Treatment Planning Software (MuriPlan R ; Xstrahl Inc.) was utilized. Tissues were contoured using the acquired CBCT images and Digimouse murine anatomy atlas (available at: https://neuroimage.usc.edu/neuro/ Digimouse) (12, 13) (Supplementary Figure 1) . Following application of the planned treatment beam, data indicated the mean dose per fraction delivered to the targeted brain region was 199.11 cGy at a volume of 0.02 cubic centimeters (cc), colon 169.57 cGy at 0.06 cc, and lung 158.39 cGy at 0.01 cc. Doses to non-targeted organs at risk were highest in tissues surrounding the brain-mean 84.88 cGy, anorectal region−60.95 cGy, and tissues surrounding the right lung−26.57 cGy (Supplementary Table I ).
Histopathology
Brains were harvested and fixed in 10% v/v neutral buffered formalin for 24 h before embedding in paraffin wax. Four micrometer (4 µm) sections were rehydrated and microwave antigen retrieval performed in citrate buffer, pH 6.0. Next, sections were incubated with 2.5% v/v normal goat serum, followed by primary antibody for 1 h at room temperature. Primary antibodies were Ki67 (0.08 µg/ml; 12202; Cell Signaling Technologies), CD31 (0.013 µg/ml; 77699; Cell Signaling Technologies) and γ-H2AX (0.06 µg/ml; ab11174; Abcam).
Finally, sections were incubated with ImmPRESS TM HRP goat anti-rabbit IgG polymer (MP-7451; Vector Labs) for 30 min at room temperature and detected with NovaRed (SK-48000; VectorLabs).
Slides were scanned using the Aperio AT2 Digital Pathology Scanner and five digital images per section at 20x magnification captured using Aperio ImageScope (v12.3.2.8013; Leica Biosytems). Ki67 and γ-H2AX positive staining was quantified by ImmunoRatio ImageJ plugin (v1.0c, 14.2.2011; http:// jvsmicroscope.uta.fi/immunoratio/). CD31 positive vessels were enumerated and measured using the Microvessel-Segmentation MATLAB plugin (14) .
Hematology and Flow Cytometry
One milliliter (ml) of whole blood was collected via cardiac puncture into K 3 EDTA tubes (Minicollect R ; Greiner Bio-One) and assessed by a COULTER R Ac-T diff hematology analyzer with Vet App 1.06 (Beckman Coulter).
Using 100 µl whole blood, 1 × 10 6 splenocytes and 1 × 10 6 bone marrow-derived cells and red blood cells were lysed and leukocytes stained with a cocktail of antibodies-volume denoted per test; CD25-BV421 (1 µl; 564370), FV510-BV510 (1 µl; 564406), CD80-BV605 (1 µl; 563052), NK1.1-BV650 (1 µl; 564143), CD4-BV711 (0.25 µl; 563726), CD117-BV786 (1 µl; 564012), CD11b-BB515 (0.25 µl; 564454), CD19-PerCP/Cy5.5 (1 µl; 551001), CD115-PE (0.25 µl; 565249), Ly6G-PE/CF594 (0.06 µl; 562700), CD3-PE/Cy7 (1 µl; 552774), CD206-AF647 (1 µl; 565250), CD8a-AF700 (0.25 µl; 557959), Ly6C-APC/Cy7 (0.5 µl; 560596; all BD Biosciences). Acquired using a BD LSRFortessa TM and analyzed using BD FACSDiva TM Software version 6 (BD Biosciences).
Immune cell populations were defined as CD3 + T cell, CD3 + CD4 + helper T cell (Th), CD3 + CD4 + CD25 + regulatory T cell (Treg), CD3 + CD8 cytotoxic T cell (Tc), 
Multiplex Immunoassays
Plasma was obtained by centrifugation of whole blood (500 × g, 5 min at room temperature). Mouse cytokine 23-plex immunoassay (Bio-Plex R ; Bio-Rad Laboratories) and chromogenic sandwich enzyme-linked immunosorbent assay (ELISA) for transforming growth factor (TGF)-β1 (DY1679; R&D Systems) were performed as per the manufacturer's instructions.
Statistical Analyses
Animal weight between treatment groups was assessed by Two Way Repeated Measures Analysis of Variance (ANOVA) with Tukey's Multiple Comparison Test. Normality of the data was confirmed by the D'Agostino-Pearson omnibus test. Histological data are expressed as the mean of 5 high power fields ± standard error of the mean (SEM). Hematology, flow cytometry and chemokine/cytokine data are expressed as mean ± standard deviation (SD). Two Way Analysis of Variance (ANOVA) with Tukey's Multiple Comparison Test were performed to compare treatments groups for each cell phenotype or cytokine using Prism 7 for Windows (GraphPad Software, Inc.).
RESULTS
No Change in Animal Weight
Animal weights were not significantly altered by αPD-1 immunotherapy or RT of the brain, colon or right lung regions [F (8, 45) = 1.347; p = 0.25; Supplementary Figure 2] . No animals demonstrated signs of poor body condition up to day 28; there was no skin irritation, hair loss, diarrhea or labored breathing. As expected, animal weight significantly increased with time [F (9, 405) = 292.5; p < 0.0001].
Reduced Ki67 + Proliferation and Blood Vasculature Following Combination Therapy
Quantification of Ki67 + staining showed low levels of proliferation in normal brain glial cells and lung stromal cells, and high proliferation in the actively regenerating colon progenitor cells at the base of the intestinal crypts ( Figure 1A) . Combined RT and αPD-1 decreased Ki67 + 45% in brain (p = 0.09; Figure 1 ) and 25% in colon tissue (p = 0.0003; Figure 1 ) compared to αPD-1 alone. Data indicate that normal brain and colon tissue is susceptible to radiation-induced changes in cellular proliferation.
To determine whether the combination therapy of fractionated stereotactic radiation and αPD-1 immunotherapy would impact blood vasculature, CD31 + blood vessels were quantified at the targeted tissue region. In brain tissue, combined RT + αPD-1 reduced blood vasculature 3-fold (p = 0.001; Figure 2 ), while in lung tissue combined treatment increased blood vasculature 126% (p = 0.06; Figure 2 ) compared to RT + IgG2a. Other vasculature parameters assessed were vessel thickness, perimeter, area, luminal area, and vessel eccentricity-but did not differ significantly between the treatment groups (data not shown). Data show that RT + αPD-1 immunotherapy augments blood vasculature in normal brain tissue.
To determine whether RT-induced damage was prolonged at the sites of irradiation when αPD-1 immunotherapy is combined, γ-H2AX staining was performed to identify double stranded DNA breaks marked for repair (15) . As expected, baseline γ-H2AX + staining was higher in colon tissue than brain and lung due to more rapid cell regeneration. Somewhat contradictory, γ-H2AX + staining was significantly reduced by 50% in irradiated colon tissue irrespective of αPD-1 immunotherapy (Figure 3) . Data show that there is exacerbation of persistent radiationinduced DNA damage following combined radiation and αPD-1 treatment.
Combination therapy alters immune cell populations in systemic compartments. To assess the systemic immune response to combined stereotactic radiation and αPD-1 immunotherapy, hematological parameters and immune cell populations in the spleen, bone marrow and peripheral blood were quantified by flow cytometric analysis. Of the hematological parameters assessed, αPD-1 suppressed platelet numbers when compared to control (905.5 ± 86.8 vs. 1164.4 ± 26.6, p = 0.0006) but normalized in animals that received irradiation of the lung tissue (1087.3 ± 45.9 vs. 905.5 ± 86.8, p = 0.034; Figure 4) . Splenic CD4 + helper T (Th) cells increased 20%, while M-MDSC and M1 decreased 40-80% following combined treatment compared to αPD-1 alone (p < 0.05; Figure 5 ). In addition, splenic NK/T and monocytes were suppressed following irradiation irrespective of αPD-1 immunotherapy, though these did not reach significance.
In bone marrow, the most striking finding was the reduction in M1 macrophages with RT independent of immunotherapy (p < 0.05; Figure 6 ). These reductions closely mirrored the responses of splenic M1 macrophages ( Figure 5) . Furthermore, in bone marrow Th, Tc and DCs were increased while Tregs and B cells decreased following brain or lung RT + αPD-1 compared to monotherapies (p < 0.05; Figure 6 ). Data suggests that the addition of RT to αPD-1 monotherapy may enhance an immune response with increased Th, Tc and DCs. Additionally, a reduction of bone marrow Tregs following combination therapy in lung, may contribute to lymphopenia or immune suppression due to the role of Tregs in B cell differentiation for HSCs (16) . Notably, the proportion of HSCs was not altered by treatment (Supplementary Figures 3-5) .
In peripheral blood, colon RT + αPD-1 increased Bcells 2.1-fold compared to αPD-1 alone (p < 0.0001; Figure 7 ). RT + IgG2a decreased DCs in brain and colon tissue compared to IgG2a alone (p < 0.05) and RT reduced PMN-MDSCs irrespective of immunotherapy. M2 were largely absent in peripheral blood but showed increases following brain RT + αPD-1, though this did not reach significance (Figure 7) . Data show that the addition of brain or colon irradiation to αPD-1 immunotherapy may modulate in the peripheral immune response.
Plasma Cytokines, Chemokines, and Growth Factors Were Not Altered by Combination Therapy
To assess the cytokine and chemokine release following 10Gy/5 fractionated stereotactic radiation and αPD-1 immunotherapy plasma cytokine and chemokine levels were assessed by multiplex immunoassay. Irradiation of normal brain and lung tissue with or without αPD-1 decreased interleukin (IL)-1β levels 7 to 13-fold when compared to IgG2a or αPD-1 alone (Figure 8) . Of note, TGF-β levels were below the level of detection in 17/48 (35%) of plasma samples (Supplementary Figure 6) . Data suggest that at the sub-acute time point of 28 days post treatment commencement radiation-induced reduction of IL-1β suppression is neither ameliorated nor exacerbated by αPD-1 immunotherapy.
DISCUSSION
Radiation induces DNA damage, cellular stress, apoptosis, cytokine release, and immune cell recruitment and activation (8) . The effect of radiation on the tumor microenvironment is dependent on type, dose, field size, and fractionation (8) .
While this is known in the context of tumors, less is known regarding the systemic effect in response to local irradiation of normal tissues particularly when combined with immuneoncology agents. In this study the local tissue and systemic immune response of combined fractionated stereotaxic RT and αPD-1 immunotherapy was assessed in normal tissues that commonly (lung and colon) and infrequently (brain) experience immune-related toxicity. A schematic of the existing normal tissue response to radiation and immunotherapy, and the data summarized in this manuscript is provided in Figure 9 . The effect of combined radiation and αPD-1 immunotherapy on proliferative rates of normal tissues was assessed by Ki67 + staining. Ki67 is expressed during all active phases of the cell cycle (G1, S, G2, and M), but not resting cells (G0) allowing an assessment of the growth fraction of the irradiated cell populations. The mammalian intestinal epithelium rapidly renews itself, with the entire epithelium being replaced in 3-5 days. Additionally, it is known that following radiation injury, quiescent and/or radioresistant intestinal stem cells become active stem cells to regenerate the epithelium (17) . This process incorporates three phases; apoptotic phase (day 1-2), proliferative phase (days 3-7) and the normalization phase (days 7-14) (17) . In spite of this 2-week restorative time line and fractionated 10Gy/5 radiation treatment regimen utilized in our study, the normal colon tissue showed reduced Ki67 + 28 days post-irradiation of the intestinal epithelial cells. While this was not further exacerbated by the addition of αPD-1 immunotherapy, the data indicate that colon tissue is susceptible to persistent radiation-induced changes to cellular proliferation and attribute attributed to the development of colitis following radiotherapy. The tumor vasculature and endothelial cells are some of the most studied components to assess radiobiological effects in the tumor microenvironment following radiation treatment. It is well-characterized that radiation induces endothelial cell dysfunction, including increased permeability, detachment from the underlying basement membrane, and endothelial cell senescence and/or apoptosis (18, 19) . In normal brain tissue the αPD-1 immunotherapy alone increased blood vasculature while in combination with RT blood vasculature reduced. The latter was not significantly different to the number of blood vessels quantitated in IgG2a + RT brain tissue, indicating that this is consistent with the known effect of radiation on endothelial cells. A preclinical study using the same strain of mouse (C57Bl/6) to investigate cerebral permeability following 40Gy/20 fractionated radiation showed no significant difference in blood brain barrier permeability at day 30 post-irradiation; blood brain barrier permeability was not significantly increased until 90 days post-irradiation (20) . Differences in the observance of alterations to blood vessel numbers and dynamics may be attributable to differences in radiation delivery and assessment methodologies. Notably, this study used whole brain irradiation and fluorescein-based intravital microscopy to assess blood permeability (which has a limitation of ∼1 mm in tissue depth), while our study assessed physical blood vasculature parameters by histopathology at the isocentre of our 5 × 5 mm stereotactic irradiation focused at the caudoputamen. Under fractionated treatment regimens (with comparatively low energy photons), radiation-induced DNA damage is principally evoked via the generation of reactive oxygen species and is mediated by H2AX (21) . DNA damage to a variety of cell types in the tumor and within the surrounding healthy tissue can have a range of consequences, including microvascular endothelial cell apoptosis, crypt damage, organ failure and death (18) . To investigate persistent radiation-induced DNA damage we quantified γ-H2AX staining. At the sub-acute time point γ-H2AX + staining was significantly reduced by 50% in irradiated colon tissue, but not when combined with αPD-1 immunotherapy. It is unclear why γ-H2AX staining was lower in αPD-1 treated tissue when compared to control and irradiated tissues. We speculate that repair of DNA damage may have occurred, but the normal proliferative rate of cells had been impacted out to the assessed 28-day post-treatment period. This has precedence with endogenous γ-H2AX being associated with cell cycle DNA replication mediated by the DNA-dependent protein kinases/checkpoint kinase 2 pathway (22) . However, γ-H2AX staining was present throughout the intestinal epithelial cells at not just the intestinal progenitor cells present at the base of intestinal crypts (as noted with Ki67 staining).
Thrombocytopenia is a hematological adverse event experienced by patients during immunotherapy treatment (23) . αPD-1 administered alone suppressed platelet numbers, which normalized to control levels when radiation was added. In a descriptive observational study comprising three French pharmacovigilance databases, αPD-1 immunotherapy induced thrombocytopenia in the 0.5% of cancer patients who developed immune-related hematological adverse events (23) . Surprisingly we did not observe an exacerbation of reduced platelet counts due to radiation in irradiated and animals despite bone marrow being included within our 360
• Arc radiation treatment regimens.
Radiation-induced inflammasome activation and apoptosis has been noted in T cells, NK/T and monocytes with sustained caspase-1 cleavage until day 7 post-radiation (24) and is reflected in the splenic compartment (25) . In our study, splenic M1 and M-MDSCs were suppressed in animals receiving combination therapy, when compared to αPD-1 monotherapy. Combined these data indicate that the addition of αPD-1 to RT significantly alters the immune repertoire of the splenic compartments. αPD-1 immunotherapy suppresses T cell function primarily by inactivating CD28 signaling (26) . In the present study αPD-1 immunotherapy alone decreased Treg levels in bone marrow. Tregs play a critical role in B cell differentiation from HSCs (16) and coincided with decreased B-cells in the bone marrow compartment. Increased Th, Tc and DC cells in bone marrow were observed following combined therapy when compared to IgG2a + RT potentially indicating sequestration of pro-inflammatory immune cell types in the bone marrow. Alternatively the decreased Tregs may drive increased DCs via the PD-1-dependent bidirectional regulation of these two cell types. PD-1 is a critical homeostatic regulator for Tregs by modulating proliferation, survival and apoptosis mediated by IL-2 (27) . Furthermore, the reciprocal modulation of Tregs and DC/MDSCs is dependent on chemokine CCL2 and TGF-β. PD-1 and TGF-β mediate the recruitment and bidirectional regulation of Treg cells and MDSCs (28) (29) (30) (31) and remain elevated for up to 8 weeks post-radiation (32). While we observed an inverted Treg/DC relationship, the levels of IL-2, TGF-β and CCL2/MCP-1 were not altered in the present study.
Irradiation is known to evoke an inflammation response and is associated with increases in cytokine production. For example, irradiation of whole lung tissue with 12Gy elevates serum levels of G-CSF, IL-6, CXCL1/KC, CCL2/MCP-1, CXCL10/IP-10, and IL-1α (33) and the persistent elevation of inflammatory cytokines contributes to tissue injury and immune-related adverse events (32) . In murine models of radiation-induced injury the serum cytokine levels positively correlated with irradiated tissue levels, implicating blood as a surrogate marker for tissue cytokine levels (33) . The only cytokine/chemokine modulated in our sub-acute study was plasma IL-1β which decreased in animals receiving irradiation to brain and lung tissue. While IL-1β is a pluripotent cytokine and plays a role in tumorigenesis and tumor progression, the role of IL-1β in radiation-induced normal tissue toxicity is unclear (32) but has been related to skin-related adverse events (34, 35) . We did not observe skin irritation from the fractionated stereotactic radiation used in our study.
Immune toxicities from radiotherapy and immunotherapy alone have been extensively reported. These include the recent establishment of European and American clinical guidelines for the management of immune toxicities which varies with grade from continuation of immunotherapy with monitoring, withholding immunotherapy and administering immunosuppressant (prednisolone), to permanent discontinuation of the immunotherapy (4, 5) . What remains comparatively unknown is whether combining radiation and immune check point immunotherapy will exacerbate these immune-related toxicities and whether these can be predicted at early time points during the treatment regimen. Overall our acute snapshot of this dynamic response showed that blood vasculature, cell proliferation, thrombocytopenia, lymphopenia, immune suppression and altered immune repertoire (including IL-1β) are observed when combination therapy of fractionated stereotactic radiotherapy and αPD-1 immunotherapy was used compared to either monotherapy. Consistent with low number of clinical studies on concurrent or sequential radiotherapy and immunotherapy there were no increases in serious acute toxicity from the combination therapy in our preclinical model when compared to monotherapy (36) , but longer term studies are required. Akin to the clinical data, our report supports close monitoring of immune-related adverse events in patients who are to receive combination therapy. IL-1β and peripheral blood M2 could be further explored as potential biomarkers for immune toxicity.
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